Introduction
Faithful chromosome segregation to both daughter cells is essential for stable inheritance of genetic material and depends on proper function of the M-phase spindle. Spindle microtubules capture and coordinately align all chromosomes into a common plane in metaphase via interactions with kinetochores and chromosome arms. They further exert the mechanical forces that mediate synchronous segregation of sister chromatids to the spindle poles in anaphase. To cope with these functions during M phase, the general parameters determining microtubule dynamics not only change early in M phase but also at the onset of anaphase concomitant with chromosome segregation ( Verde et al., 1990 ; for reviews see Compton, 2000 ; Mitchison and Salmon, 2001 ; Wittmann et al., 2001 ; Cassimeris and Skibbens, 2003 ; Gadde and Heald, 2004 ; Kline-Smith and Walczak, 2004 ) .
At the molecular level, anaphase onset is defi ned by the activation of the anaphase-promoting complex/cyclosome (APC/C), a multisubunit E3 ubiquitin ligase that destines securin/Pds1 and mitotic cyclins for degradation. Degradation of securin is required for the activation of separase. Active separase cleaves the SCC1 subunit of the cohesin complex, which mediates chromatid cohesion until anaphase onset ( Nasmyth, 2002 ; Yanagida, 2005 ) .
In contrast, the molecular mechanisms, which induce the changes in microtubule behavior at the beginning of anaphase, are less well understood. Changes in microtubule dynamics in early M phase are governed by an increase in the activity of Cdk1, the general regulator of M phase ( Verde et al., 1990 ) . Cdk1 is activated in the presence of rising levels of M-phase cyclins and modulates the activity of a variety of microtubule-associated proteins (MAPs) and motor proteins ( Cassimeris and Spittle, 2001 ) . In turn, degradation of M-phase cyclins and thus declining Cdk1 activity upon activation of the APC/C are assumed to determine changes in microtubule behavior at the onset of anaphase.
A ltered spindle microtubule dynamics at anaphase onset are the basis for chromosome segregation. In Xenopus laevis egg extracts, increasing free calcium levels and subsequently rising calcium-calmodulindependent kinase II (CaMKII) activity promote a release from meiosis II arrest and reentry into anaphase. CaMKII induces the activation of the anaphase-promoting complex/cyclosome (APC/C), which destines securin and cyclin B for degradation to allow chromosome separation and mitotic exit.
In this study, we investigated the calcium-dependent signal responsible for microtubule depolymerization at anaphase onset after release from meiotic arrest in Xenopus egg extracts. Using Ran -guanosine triphosphate -mediated microtubule assemblies and quantitative analysis of complete spindles, we demonstrate that CaMKII triggers anaphase microtubule depolymerization. A CaMKII-induced twofold increase in microtubule catastrophe rates can explain reduced microtubule stability. However, calcium or constitutively active CaMKII promotes microtubule destabilization even upon APC/C inhibition and in the presence of high cyclin-dependent kinase 1 activity. Therefore, our data demonstrate that CaMKII turns on parallel pathways to activate the APC/C and to induce microtubule depolymerization at meiotic anaphase onset.
CaM kinase II initiates meiotic spindle depolymerization independently of APC/C activation high Cdk1 levels cannot rescue microtubule stability after induction of anaphase. Moreover, neither the degradation of cyclin B nor the activation of APC/C is required for microtubule destabilization. However, the addition of free calcium or constitutively active purifi ed CaMKII still leads to the destabilization of microtubules. Strikingly, constitutively active CaMKII disassembles spindles even in the presence of the APC/C inhibitor XErp and thus stable securin and cyclin B. Our data demonstrate the existence of a novel CaMKII-dependent mechanism that initiates the destabilization of spindle microtubules in CSFarrested Xenopus egg extracts parallel to APC/C activation at the metaphase to anaphase transition.
Results
To investigate changes in microtubule stability from metaphase to anaphase, we assembled spindles from sperm nuclei in CSFarrested Xenopus egg extracts supplemented with Cy3-labeled tubulin. We initiated anaphase by adding 0.6 mM calcium but blocked cell cycle progression in anaphase using nondegradable cyclin B (cyclinB ⌬ 90) to maintain high Cdk1 activity throughout the experiment ( Fig. 1 A ) . After the addition of calcium and thus anaphase initiation, the density of spindle microtubules in the central part of the spindle was decreased concomitant with chromosome segregation, but spindles did not completely depolymerize ( Fig. 1 B , top right) . Like sperm nuclei, Ran-GTP and chromatin beads readily assembled microtubule structures in CSF-arrested Xenopus egg extracts ( Fig. 1 B , left) . In contrast, neither Ran-GTP nor chromatin beads stabilized any microtubules in anaphase extracts in the presence of cyclinB ⌬ 90, suggesting an overall reduced microtubule stability ( Fig. 1 B , right) .
It is known that Ran-GTP produced by nuclei or chromatin beads releases the MAP TPX2 and other MAPs from importins. Only free TPX2 induces microtubule assembly and interacts with and activates aurora A/Eg2 ( Gruss and Vernos, 2004 ) . To address the effi ciency of TPX2 release from importins in the presence of Ran-GTP in metaphase and anaphase, we compared the amounts of Eg2 associated with free TPX2 after the addition of RanQ69L ( Fig. 1 C ) . Eg2 was effi ciently coprecipitated on TPX2 antibodies both in metaphase and anaphase ( Fig. 1 C ) . This shows that a decrease in microtubule stability in anaphase is not caused by an ineffi cient release of TPX2 from importins but might refl ect a general feature of Xenopus extracts in anaphase. To confi rm this, we extended our analysis to microtubules assembled from purifi ed human centrosomes, which promote microtubule assembly independently of Ran-GTP ( Fig. 1 D ; Carazo-Salas et al., 1999 ) . Like Ran-GTP or chromatin beads, centrosomes did not induce de novo microtubule assembly in anaphase ( Fig. 1 D ,  middle) . Also, astral arrays that preformed around purifi ed human centrosomes in metaphase ( Fig. 1 D , left) quickly depolymerized in anaphase ( Fig. 1 D , right) . These data suggest a global regulation of microtubule stability at the transition from metaphase to anaphase in Xenopus egg extracts.
A possible explanation for our observations is that activation of the APC/C, degradation of cyclin B, and a following drop in Cdk1 activity led to a changed phosphorylation pattern of MAPs and motors and consequently to the destabilization of Spindle assembly, chromosome segregation, and spindle depolymerization in anaphase can be recapitulated in the cellfree system of Xenopus laevis egg extracts ( Murray, 1991 ; Sawin and Mitchison, 1991 ; Holloway et al., 1993 ) . M-phase extracts assemble astral arrays of microtubules from purifi ed human centrosomes ( Tournier et al., 1991 ) , meiotic spindles around chromatin beads ( Heald et al., 1996 ) , and complete bipolar spindles from sperm nuclei . Moreover, the addition of GTP-locked Ran, e.g., of the hydrolysis-defi cient mutant RanQ69L, is suffi cient to induce the formation of microtubule assemblies in Xenopus M-phase extracts ( Carazo-Salas et al., 1999 ) . Assaying Ran-GTP -induced microtubule assembly has been successfully used to analyze molecular details about M-phase spindle assembly pathways ( Clarke and Zhang, 2004 ; Gruss and Vernos, 2004 ; Ciciarello et al., 2007 ) .
Like intact unfertilized vertebrate eggs, Xenopus M-phase egg extracts are held in metaphase by the activity of the cytostatic factor (CSF), the central activity of which is the Xenopus Emi1-related protein (XErp). XErp largely inhibits the APC/Cdependent cyclin destruction and consequently maintains high Cdk1 activity Tung et al., 2005 ) . Upon fertilization, reentry into the cell cycle is triggered by a transient increase in free intracellular calcium ( Busa and Nuccitelli, 1985 ) . In the cell-free system, the direct addition of calcium likewise mimicks fertilization ( Murray, 1991 ) . In both intact eggs and cell-free egg extracts, calcium-activated calcium-calmodulindependent kinase II (CaMKII) directly phosphorylates XErp. Phosphorylation-dependent degradation of XErp eventually leads to the activation of APC/C and, in turn, to the degradation of cyclin B and securin, inducing anaphase onset ( Liu and Maller, 2005 ; Rauh et al., 2005 ; Hansen et al., 2006 ) .
At the same time, the stability of spindle microtubules changes signifi cantly in the Xenopus system. Both kinetochore and nonkinetochore microtubules apparently shorten from their plus ends, which results in an overall decrease in microtubule density in the central part of the spindle ( Holloway et al., 1993 ; Murray et al., 1996 ; Desai et al., 1998 ; Maddox et al., 2003 ) . The characteristic reduction in spindle microtubule density upon induction of anaphase is also observed in the presence of nondegradable mitotic cyclin (cyclinB ⌬ 90) at concentrations that allow chromosome segregation but avoid mitotic exit ( Holloway et al., 1993 ; Murray et al., 1996 ) . However, more recent experiments show that high Cdk1 activity blocks sister chromatid separation even upon activation of APC/C and securin degradation ( Stemmann et al., 2001 ) . Therefore, the previous data are consistent with the idea that a partial reduction of the metaphase Cdk1 activity might be responsible for the observed changes in microtubule stability in anaphase.
In this study, we systematically investigate the role of APC/C activation and the reduction in Cdk1 activities on changes in microtubule stability in anaphase of Xenopus egg extracts. Our data indicate that there is a general decrease in microtubule stability in meiotic anaphase, which can be recapitulated in complete spindles, centrosomally or chromatin-nucleated microtubules, as well as in Ran-GTP -mediated microtubule assemblies. The general reduction in microtubule stability is marked by a twofold increase in microtubule catastrophe rates. We show that between Cdk1 activity and microtubule stability more quantitatively, we determined Ran-GTP -mediated microtubule assemblies at different concentrations of nondegradable cyclin B. When cylinB ⌬ 90 was added to only 40 nM and anaphase onset was induced by calcium addition, the system exited mitosis as judged microtubules. To test this, we assembled microtubule structures by the addition of Ran-GTP and subsequently observed their stability upon Cdk1 inhibition using CGP74514A (CGP), a selective chemical inhibitor of Cdk1 kinase ( Fig. 2 A ; Skoufias et al., 2007 ) . Surprisingly, Ran-induced structures did not disassemble upon Cdk1 inhibition before interphasic microtubules were detectable ( Fig. 2 A , CGP; see 15 min for coexisting M phase and interphase microtubule structures). In contrast, metaphase microtubule structures disassembled as expected upon the addition of calcium ( Fig. 2 A , top) despite high Cdk1 activity ( Fig. 2 A , bottom; Ana). This suggested that the sole reduction of Cdk1 activity is not suffi cient for the observed changes in anaphase microtubule stability. To analyze the correlation Figure 1 . Changes in microtubule stability from metaphase to anaphase in Xenopus egg extracts. (A) Calcium was added to CSF-arrested Xenopus egg extracts (0 min) in the presence of cyclinB ⌬ 90, and samples were withdrawn at the indicated times to determine the activity of Cdk1 toward histone H1 (pHistone H1, top) and the amounts of endogenous cyclin B ( X.I. cyclin B , bottom). (B) Microtubules or spindles were assembled in metaphase-arrested extracts (left), calcium was added in the presence of cyclinB ⌬ 90 (right), and microtubules were visualized by direct fl uorescence of added Cy3-tubulin. Sperm nuclei, RanQ69L, or chromatin beads were used as a nucleating source. (C) Immunoprecipitation using anti-TPX2 antibodies from metaphase or anaphase extracts. Immunocomplexes were eluted with high salt, and aurora A/Eg2 was determined by immunoblotting. (D) The microtubule assembly assay is as described in B; purifi ed human centrosomes were used as a nucleating source. Cycled, microtubule asters were preassembled in metaphase before calcium addition; Meta, metaphase; Ana, anaphase. Bars, 10 μ m. Figure 2 . Correlation of Cdk1 activity and changes in microtubule stability at metaphase to anaphase transition. (A) CSF-arrested egg extracts were incubated with calcium and cyclinB ⌬ 90 (Ana) or CGP74514A (CGP). Ran-GTP -mediated microtubule assemblies were visualized by direct fl uorescence after the addition of Cy3-labeled tubulin (top), and Cdk1 activities were determined by a histone H1 kinase activity assay (bottom). (B -D) CSFarrested egg extracts (Meta or M) were triggered to go into anaphase by calcium addition in the presence of increasing cyclinB ⌬ 90 concentrations. Ran-GTP -induced metaphase microtubule assemblies were visualized (B) and quantifi ed relative to metaphase as indicated (C, black bars). In parallel, the Cdk1 kinase activity was measured using histone H1 phosphorylation (C, gray bars). (D) Anaphase was fi rst induced with calcium in the presence of 80 nM cyclinB ⌬ 90, increasing amounts of cyclinB ⌬ 90 were added, and the capacity of Ran-GTP to still induce microtubule assembly was tested. These assemblies were quantifi ed relative to metaphase (black bars), and the Cdk1 kinase activity was measured using histone H1 phosphorylation (gray bars). Error bars represent SD from three independent experiments. Ana, anaphase; Meta, metaphase. Bars, 5 μ m.
simple model that calcium and CaMKII activate only the APC/C in meiotic anaphase, which destines cyclin B for degradation leading to decreased Cdk1 activity and thus causes anaphase microtubule destabilization.
As cyclin B degradation is mediated by APC/C activity (but according to our experiments is not required to destabilize microtubules), we aimed to further determine the overall role of APC/C activation in changing microtubule stability in anaphase. We assayed Ran-GTP -induced microtubule assembly by direct fl uorescence and monitored cyclin B and securin levels as well as Cdk1 activity to determine APC/C activation in metaphase, anaphase, and interphase. To inhibit APC/C activation despite calcium-induced anaphase onset and therefore uncoupling APC/C activation from other calcium-dependent processes, we used a nondegradable variant of XErp (XErp ND ; Fig. 3 ; Rauh et al., 2005 ) . As expected, Ran-GTP -induced microtubule assemblies were stable in CSF-arrested extracts, and high levels of cyclin B, securin, and Cdk1 activity were maintained ( Fig. 3 , A -C ; Meta). Calcium induced the destabilization of microtubule by long and stable interphasic microtubules. Upon the addition of cyclinB ⌬ 90 to endogenous levels (80 nM; Stemmann et al., 2001 ) , no microtubule structures were observed ( Fig. 1 ). This indicates that anaphase is faithfully established and maintained upon calcium addition and physiological cyclinB ⌬ 90 levels. The addition of > 150 nM cyclinB ⌬ 90 allowed some but still signifi cantly less microtubule assemblies than in metaphase ( Fig. 2 , B and C ). Moreover, no microtubule assembly was observed if anaphase was initially established at 80 nM cyclinB ⌬ 90, and the concentration only subsequently increased even up to 1 μ M ( Fig. 2 D ) .
These results suggested three conclusions: fi rst, metaphase Cdk1 activity allows microtubule destabilization in meiotic anaphase, and inhibition of this activity alone does not promote microtubule destabilization. Second, elevated Cdk1 activity can partially rescue microtubule stability at anaphase onset, but, third, after anaphase induction at metaphase Cdk1 activity, the transition to less stable microtubules becomes resistant to high Cdk1 activity. These conclusions contradict the active CaMKII (CaMKII 1 -290 [ Lorca et al., 1993 ] and CaMKII* [ Fig. S1 , available at http://www.jcb.org/cgi/content/full/ jcb.200807006/DC1]). We recombinantly expressed and purifi ed CaMKII*, and, as a control, a corresponding mutant in which a lysine in position 42 essential for nucleotide binding was replaced by an alanine (CaMKII*K42A; Hanks and Quinn, 1991 ) . The mutant protein displayed no detectable activity on myelin basic protein, whereas the activity of the wild-type kinase could be readily detected and quantifi ed (see Materials and methods and Fig. S1 ). When added to Xenopus egg extract, CaMKII* triggered the destabilization of preassembled microtubule structures and promoted entry into interphase as judged by typically long interphasic microtubules ( Fig. 4, A and B ; CaMKII*). Consistent with this, it induced the degradation of endogenous cyclin B ( Fig. 4 C , X. l. cyclin B) and securin as well as decreased Cdk1 activities ( Fig. 4 C , CaMKII*). In contrast, the mutant kinase had no effect on the system ( Fig. 4 , A and C ; CaMKII*K42A). Microtubules were also destabilized by CaMKII*-induced anaphase entry in the presence of cyclinB ⌬ 90 ( Fig. 4, A and B ; CaMKII* + ⌬ 90), which rescued high Cdk1 activity, although APC/C was activated ( Fig. 4 C , CaMKII* + ⌬ 90; see degradation of endogenous securin and cyclin B). Likewise, inhibition of assemblies as well as cyclin B and securin degradation, but high Cdk1 activity was maintained in the presence of cyclinB ⌬ 90 ( Fig. 3 , A -C ; Ana). Likewise, microtubule destabilization was observed in the absence of cyclinB ⌬ 90 but was followed by mitotic exit ( Fig. 3 A , Inter; note the appearance of interphasic microtubules after 60 min). Although XErp ND alone had no effect in metaphase ( Fig. 3 , A -C ; XErp ND ), interestingly, it allowed microtubule disassembly upon calcium addition ( Fig. 3, A ). These results strongly suggest that the depolymerization of microtubules in anaphase of Xenopus egg extracts is triggered by calcium but does not require the activation of APC/C and, therefore, the degradation of its metaphase substrates securin and cyclin B.
Increasing calcium levels and subsequent CaMKII activation initiate metaphase to anaphase transition in CSF-arrested egg extracts. This conclusion was initially based on the observation that constitutively active CaMKII promotes anaphase entry also in the absence of free calcium ( Lorca et al., 1993 ) . Therefore, we aimed to test the stability of Ran-GTP -induced microtubule assemblies after anaphase induction by constitutively 2001 ). As expected, no M-phase microtubules were found after anaphase induction in the absence of the inhibitor ( Fig. 4 D , calcium Ϫ IINtide), cyclin B was degraded, and the Cdk1 activity was reduced ( Fig. 4 D , right; calcium Ϫ IINtide). In contrast, Ran-GTP -induced microtubule assemblies could be readily observed in the presence of IINtide despite calcium addition ( Fig. 4 D , left; calcium + IINtide). Cyclin B stayed stable, and the Cdk1 activity remained high ( Fig. 4 D , right; calcium + IINtide). Still, the addition of constitutively active CaMKII* induced both APC/C activation and microtubule destabilization even in the presence of the inhibitor ( Fig. 4 D , right ; + CaMKII* + IINtide and bottom), indicating that its inhibitory effect is specifi c for CaMKII. Moreover, IINtide effi ciently inhibited calcium-dependent phosphorylation of autocamtide-2 in egg extracts (Fig. S1) . Similar results were seen using another CaMKII inhibitor peptide (CaMKII 281 -309 ) as well as a general calmodulin inhibitor ( Lorca et al., 1993 ; Morin et al., 1994 ) , whereas the addition of cyclosporin A to prevent activation of the calcium-calmodulin -dependent phosphatase calcineurin had no effect on microtubule depolymerization (Fig. S3 , available at http://www.jcb.org/cgi/content/full/jcb.200807006/DC1). These results show that calcium-induced depolymerization of microtubules in anaphase of Xenopus egg extracts requires the activation of CaMKII.
The apparent changes in the stability of the aforementioned microtubules were likely caused by changes in dynamic instability parameters from metaphase to anaphase in the Xenopus system. To visualize and quantify these changes, we assembled Cy3-labeled microtubules from centrosomes and tracked them by time-lapse microscopy in metaphase or anaphase extracts ( Fig. 5 ) . It is known that in Xenopus metaphase extracts, the relatively short mean length of microtubules is largely determined by their high catastrophe frequency, which elevates at the entry into M phase to two to three catastrophes per minute ( Niethammer et al., 2007 ) . Consistent with that, microtubules in APC/C activation by XErp ND ( Fig. 4 C , CaMKII* + XErp ND ; note that cyclin B and securin are stable) did not interfere with the CaMKII*-induced reduction in microtubule stability ( Fig. 4 , A and B ; CaMKII* + XErp ND ). To judge whether the level of added CaMKII* was comparable with the physiological calcium-induced CaMKII activity, we compared phosphorylation of the CaMKII substrate autocamtide-2 ( Jones and Persaud, 1998 ) in egg extracts upon calcium or CaMKII* addition. Within a few minutes after the addition of calcium, a transient increase in substrate phosphorylation was observed, whereas hardly any substrate phosphorylation could be detected in untreated CSF-arrested extracts (Fig. S1 , Ϫ 3 time points). In comparison, purifi ed CaMKII* added to egg extracts phosphorylated autocamtide-2 with a very similar effi ciency as endogenous CaMKII, whereas the activity of the same amount of the K42A mutant was undetectable in extracts (Fig. S1 ). Lower concentrations of CaMKII* activity resulted in less effi cient substrate phosphorylation (Fig. S1 , low CaMKII*). Interestingly, the addition of lower CaMKII* activity to metaphase egg extracts still led to APC/C activation in the absence or presence of cyclinB ⌬ 90 but was insuffi cient to effi ciently promote microtubule destabilization (Fig. S2 , available at http://www.jcb.org/cgi/ content/full/jcb.200807006/DC1). The latter data suggest independent mechanisms for microtubule depolymerization and APC/C activation. Collectively, our experiments support the conclusion that microtubule destabilization at anaphase onset after release from CSF arrest can be induced by constitutively active CaMKII and occurs independently of APC/C activation.
The observation of CaMKII*-induced microtubule depolymerization suggested that endogenous CaMKII activity would be required for calcium-induced microtubule destabilization. Therefore, we assayed the stability of metaphase microtubule assemblies ( Fig. 4 D , Meta) after calcium addition in the absence or presence of a CaMKII inhibitor, which corresponds to the N-terminal inhibitory domain of CaMKII (IINtide; Chang et al., Figure 5 . Dynamic measurements of centrosomally nucleated microtubules in metaphase or anaphase. CSF-arrested egg extracts were supplemented with Cy3-tubulin and purifi ed human centrosomes and were triggered to enter anaphase as indicated. (A) Microtubules were visualized by time-lapse microscopy in 2-s intervals, and microtubules were tracked manually. Still images (after 15 min) are shown. (B) Parameters of dynamic instability were determined from data gained by time-lapse imaging using a Matlab macro. MT, microtubules; vg, growth rate; vs, shrinkage rate; fcat, catastrophe frequency; fres, rescue frequency. Bar, 10 μ m.
which is consistent with previously published data on anaphase spindles ( Murray et al., 1996 ) . Calcium or CaMKII* addition led to the quick degradation of securin and cyclin B and reduced Cdk1 activity ( Fig. 6 B ) . Importantly, the CaMKII*-induced reduction in spindle size and the characteristic drop of microtubule density in the central part of the spindle were also observed upon supplementing the extract with XErp ND . Under these conditions, APC/C activation was inhibited, and, therefore, securin and cyclin B stayed stable ( Fig. 6, A and B ; CaMKII* + XErp ND ). Those partially depolymerized spindle structures were stable for > 60 min (unpublished data). Even after elevated times, we did not visualize any spindle structures in which chromosomes had commenced to segregate ( Fig. 6 A , CaMKII* + XErp ND ). As observed for Ran-GTP -mediated microtubule assemblies, anaphase induction by low CaMKII* activity in the presence of cyclinB ⌬ 90 was insuffi cient to destabilize microtubules and thus revealed spindles with a similar microtubule density distribution but an even higher overall fl uor escence than metaphase spindles ( Fig. 6 C , compare Meta with low CaMKII*). Still, upon adding low CaMKII* activity, we observed chromosome segregation and degradation of cyclin B after 40 min ( Fig. 6 D and not depicted).
To investigate the importance of APC/C activation and the degradation of cyclin B after spindle depolymerization without active APC/C, we fi rst treated preassembled mitotic spindles with CaMKII* in the presence of XErp ND ( Fig. 6 A , CaMKII* and XErp ND ) and chased the anaphase spindles with 1 vol of extract, which had been treated with or without CaMKII* in the absence of XErp ND to fully activate APC/C ( Fig. 6 E ) . In the presence of active APC, cyclin B was degraded, and Cdk1 activity was down-regulated ( Fig. 6 E , top) . Under these conditions, anaphase spindles completely depolymerized, and long interphase microtubules assembled ( Fig. 6 E , bottom) .
Collectively, these results clearly show that the conclusions made from Ran-GTP -induced microtubule assemblies are valid for complete spindle structures. Consistently, in both model systems, calcium and CaMKII induce the depolymerization of microtubules in anaphase after the release from CSF arrest independently of the activation of APC/C and thus the degradation of securin and cyclin B and the down-regulation of Cdk1.
Discussion
Xenopus egg extracts faithfully recapitulate cell cycle progression and cell cycle -specifi c reorganization of the microtubule cytoskeleton (e.g., at M-phase entry or at metaphase to anaphase transition). They enter anaphase after CaMKII activation and subsequent degradation of the APC/C inhibitor XErp, which allows chromosome segregation. The initiation of chromosome movement is coupled to a generally reduced stability of spindle microtubules, suggesting a global change in microtubule dynamics parameters. In this study, we used Ran-GTP -induced microtubule assemblies as a straightforward tool to analyze the signal, which is responsible for triggering reduced microtubule stability in anaphase of Xenopus egg extracts. Indeed, although the addition of Ran-GTP was suffi cient to promote microtubule assemblies in metaphase as expected, no microtubule assemblies CSF-arrested extracts in our hands showed catastrophes with a frequency of 2.94 min Ϫ 1 ( Fig. 5, A ( Fig. 5, A and B ; and Video 3). In contrast, the addition of physiological doses of CaMKII* increased the catastrophe frequency to 5.16 and 5.94 min Ϫ 1 , whereas growth and shrinkage rates and rescue frequencies were not signifi cantly changed ( Fig. 5, A and B ; and Video 4). These numbers are in striking agreement with the catastrophe frequencies measured after anaphase induction with calcium. Although microtubule dynamics measurements usually vary between different Xenopus extract preparations in absolute numbers, the approximately twofold relative changes in catastrophe frequency could reproducibly be observed (see Fig. S4 for a second independent dataset). Therefore, we conclude that reduced microtubule stability in meiotic anaphase can be at least in part explained by a twofold increase in microtubule catastrophe rates from metaphase to anaphase induced by activated CaMKII.
Our experiments on Ran-GTP -induced microtubule assemblies and centrosomal asters suggested a novel CaMKIIinduced mechanism for anaphase microtubule destabilization. Therefore, we intended to analyze microtubule stability at the metaphase to anaphase transition in complete bipolar spindles assembled around sperm nuclei in Xenopus egg extracts. We visualized and quantifi ed spindle microtubule densities by direct fl uorescence of Cy3-labeled tubulin before and after anaphase onset by calcium or CaMKII*. For each condition, we imaged 40 -80 spindle structures. Within all acquired images, the two poles were defi ned manually, and the mean fl uorescence was determined using ImageJ to assay for the overall microtubule stability of the spindles ( Fig. 6 A , intensity) . A custom Matlab macro vertically aligned the spindles along the pole to pole axis, determined the mean pole to pole distance as a measure for spindle size ( Fig. 6 A ) , and subsequently rescaled all spindles to the same size. Matlab was used to quantify and plot the fl uorescence (i.e., microtubule) intensity distributions in a 1.5-μ m-wide area along the pole to pole axis ( Fig. 6 A , blue line) . Metaphase spindles typically showed aligned chromosomes and a high local microtubule density in the central part close to the chromosomes ( Fig. 6 A , Meta) . Entry into anaphase after calcium addition led to a reduction of the intensity (33%) and to a slight (21%) decrease in spindle size (pole to pole distance; Fig. 6 A , calcium). Anaphase onset triggered by CaMKII* promoted a two-third decrease in intensity and an almost twofold reduction of spindle size as compared with metaphase ( Fig. 6 A , CaMKII*). CaMKII-induced depolymerization was therefore more effi cient than what was observed upon the addition of calcium ( Fig. 6 A , CaMKII* and calcium; see average and intensity). However, under either condition we observed a characteristic local decrease in microtubule density in the central part of the spindle, We could show further that Ran-induced microtubule assemblies are destabilized in response to calcium and CaMKII, whereas APC/C activation is not required for this destabilization. Thus, neither degradation of cyclin B nor of securin can be causative for changes in microtubule stability at anaphase onset. Similarly, our experiments in complete spindles show that reduced microtubule stability in anaphase is independent of the inactivation of Cdk1 but is triggered by CaMKII activity; we observed reduced microtubule density in the central part of the spindle upon CaMKII activation even though nondegradable XErp inhibited the APC/C and, therefore, degradation of cyclin B and securin. This is consistent with previous data suggesting could be observed upon Ran-GTP addition in anaphase. In the past, assays using Ran-GTP -induced microtubule assemblies led to the identifi cation of molecular mechanisms, which were subsequently confi rmed in spindle assembly pathways Blower et al., 2005 ; Koffa et al., 2006 ) . Likewise, our conclusions suggested from Ran-GTP -mediated microtubule assemblies were consistent with the results from microtubules nucleated by centrosomes and from complete spindles. Collectively, this clearly supports the idea of a global change in microtubule stability, which affects the Ran-GTP -dependent microtubule assembly pathway as well as centrosome-driven microtubule polymerization. Figure 6 . CaMKII triggers spindle disassembly in anaphase independently of APC/C activation. Spindles were preassembled in CSF extracts (Meta), and anaphase was induced by the addition of calcium or CaMKII* in the absence or presence of XErp ND . (A) Spindles were visualized by direct fl uorescence of Cy3-tubulin (red) and DAPI (blue) after 20 min. Out of n imaged spindles, the mean overall fl uorescence intensity was determined, and an average image was generated using the Matlab macro. The pole (P) to pole distance (spindle size) was measured as well as the corresponding mean fl uorescence distribution plotted along the pole to pole axis in a 1.5-μ m-wide area (intensity distribution; see blue lines in average images). Intensity and spindle size are indicated in relative terms (percentage). (B) Immunoblots were used to determine the amounts of cyclin B, an autoradiograph was used to monitor amounts of exogenously added in vitro translated (IVT) securin, and an autoradiograph displaying a histone H1 kinase assay was used to determine Cdk1 activity under the conditions used in A. The black line indicates that intervening lanes have been spliced out. phosphatase activity increases subsequently afterward. In our experiments, the addition of cyclosporin A alone to Xenopus CSF extracts did not interfere with microtubule depolymerization of Ran-induced structures. However, our observation that calcium addition to CSF-arrested extracts changed the capacity of cyclin B/Cdk1 to partially rescue microtubule stability ( Fig. 2 ) would be consistent with the further activation of protein phosphatases that antagonize the action of Cdk1. We are currently investigating the contribution of different protein phosphatases on anaphase spindle microtubule stability.
What could be the key players directly mediating the changes in microtubule dynamics at anaphase onset? CaMKII action could enhance the activity of microtubule-destabilizing factors or reduce the activity of microtubule-stabilizing proteins and therefore allow more effi cient microtubule depolymerization. However, previous experiments of Morin et al. (1994) suggest that CaMKII does not target proteins already associated with the metaphase spindle to induce anaphase. This argues against a release of stabilizing activities from spindle microtubules in anaphase. In turn, it might suggest that microtubuledestabilizing proteins or their regulators are recruited upon transition to anaphase and promote microtubule destabilization. A main destabilizing activity in Xenopus egg extracts is the kinesin motor protein XKCM1 ( Walczak et al., 1996 ; Tournebize et al., 2000 ) . The activity of XKCM1 increases signifi cantly upon entry into M phase, resulting in a 5 -10-fold increase in the catastrophe frequency in metaphase microtubules ( Tournebize et al., 2000 ; Niethammer et al., 2007 ) . Our microtubule dynamics measurements demonstrate that microtubules are even less stable in anaphase than in metaphase. Although lowered rescue frequencies measured in one out of two experiments (Fig. S3 ) might have contributed to this effect and high deviations in our dynamics measurements also do not allow us to exclude effects on growth and shrinkage rates, we consider it likely that the observed changes in microtubule stability were caused by an approximately twofold further increase in the catastrophe frequency. A higher catastrophe frequency could be caused by rising XKCM1 activity or microtubule affi nity, which might be directly or indirectly triggered by CaMKII at metaphase to anaphase transition.
Collectively, our data put forward the idea that analogous to entry into M phase, a global switch in microtubule dynamics in anaphase is required to cope with the functions of microtubules in chromosome segregation and their subsequent rearrangement upon mitotic exit. These changes in microtubule dynamics are not just caused by immediately declining Cdk1 activity but are, before this, triggered by the CaMKII-dependent phosphorylation of yet unknown substrates.
The key question in the future will therefore be to determine which microtubule-binding activities are possibly meiosisspecifi c targets of CaMKII in the transition from metaphase to anaphase in Xenopus egg extracts. Functional assays at defi ned conditions using purifi ed CaMKII* and XErp ND might help to identify these activities, to understand how they are modifi ed and modulated at the molecular level, and to understand how their regulation is integrated into global changes in microtubule stability.
that inactivation of Cdk1 is not necessary to induce anaphase in Xenopus egg extracts ( Holloway et al., 1993 ; Murray et al., 1996 ) . It also implies that the decrease in spindle microtubule density in anaphase is not directly infl uenced by the cohesion state of chromatin because inhibition of APC/C prevents sister chromatid separation but not microtubule destabilization. This is confi rmed by our Ran-GTP experiments in which microtubules can only be destabilized in anaphase independently of chromatin structures. Consistent with that, previous data has shown that anaphase microtubule depolymerization and cytokinesis can occur independently of chromatin in grasshopper spermatocytes ( Zhang and Nicklas, 1995 ) .
Our experiments suggest a two-pathway model for spindle disassembly. The fi rst pathway, which is refl ected by the complete disassembly of Ran-mediated microtubule structures or the destabilization of central microtubules in complete spindles, is independent of Cdk1 inactivation but induced by CaMKII. In this study, CaMKII has at least one but potentially more unknown targets. Interestingly, when we tested Ran-GTP -induced microtubule assemblies in Xenopus egg extracts, which had already undergone a complete cell cycle, we found that they were completely stable despite the addition of calcium or CaMKII. These extracts had faced a fi rst calcium activation, XErp had been degraded, and the system was rearrested in the next metaphase upon the addition of cyclinB ⌬ 90 (Fig. S5 , available at http://www.jcb.org/cgi/content/full/jcb.200807006/DC1). This observation would go along with conclusions from mitosis in human somatic cells in which CaMKII has a stabilizing effect on spindle microtubules ( Holmfeldt et al., 2005 ) . It might also suggest that additional CaMKII targets similar to XErp are inactivated after the fi rst rise in calcium and are not functional anymore in the fi rst mitotic cell cycle.
The second pathway of spindle disassembly requires inactivation of Cdk1, which allows further pole separation and fi nally complete spindle disassembly and return to interphase ( Fig. 6 E ; Murray et al., 1989 Murray et al., , 1996 Holloway et al., 1993 ) . In Xenopus egg extracts, CaMKII is required for the second mechanism because Cdk1 inactivation depends on the activation of APC/C, which in turn requires the CaMKII-induced degradation of XErp. Upon increasing calcium levels, CaMKII will likely activate both pathways in parallel, and those will cooperate to faithfully segregate chromosomes and to disassemble the spindle.
It is almost certain that altered phosphorylation patterns of MAPs or motor proteins are involved in the regulation of both pathways. The fact that there is no change in the phosphorylation of histone H1 in anaphase induced by calcium and cyclinB ⌬ 90 does not preclude the specifi c activation of counteracting phosphatases on other substrates, and an increased activity of protein phosphatases at anaphase onset might well be required for microtubule destabilization. CaMKII could directly be involved in the activation of protein phosphatases, or, in addition, calcium could trigger phosphatase activation by a different pathway. Mochida and Hunt (2007) and Nishiyama et al. (2007) recently showed that the calcium-calmodulin -dependent phosphatase calcineurin is activated upon rising calcium levels in Xenopus eggs and egg extracts and that a second, different by in vitro transcription translation in TNT Coupled Reticulocyte Lysate Systems (Promega). N-terminally truncated XErp1 (XErp ND ) was produced as described previously .
CaMKII mutant generation, expression, and activity measurements CaMKII 1 -290 (CaMKII*) was cloned into pQE80 and expressed in E. coli BL21 Rosetta. A corresponding catalytically inactive mutant in which lysine 42 was replaced by alanine (K42A; Hanks and Quinn, 1991 ) was generated using the QuikChange Site-Directed Mutagenesis kit (Agilent Technologies). For both constructs, transformed bacteria were grown at 37 ° C to an OD 600 of 0.7 and cooled down to 23 ° C. After induction of protein expression using 0.3 mM IPTG, bacteria were grown overnight at 23 ° C. Purifi cation on Talon beads (Clontech Laboratories, Inc.) was performed as described by the manufacturer. The volume activity of CaMKII* was determined to be 0.4 U/ μ l using myelin basic protein and a defi ned activity of purifi ed protein kinase A (Sigma-Aldrich) in CSF buffer containing 1 mM ATP (Fig. S1) . A fi nal concentration of 0.04 U/ μ l CaMKII* was used for experiments in Xenopus egg extracts, and low CaMKII* activities were < 0.006 U/ μ l.
The activity of CaMKII* in Xenopus egg extracts was determined using the CaMKII substrate autocamtide-2 ( Jones and Persaud, 1998 ) with a C-terminal His 6 tag. This peptide was covalently coupled to BSA (Peptide Specialties Laboratories) and immobilized on Dynabeads (Talon; Invitrogen). Reactions were performed in a 3-μ l extract aliquot for 3 min in the presence of 5 μ Ci ␥ -[ 32 P]ATP and were stopped by chilling on ice and dilution in 10 vol of dilution buffer (100 mM KCl, 20 mM Hepes, pH 7.7, and 50 mM NaF). Beads were washed two times in dilution buffer and were eluted in SDS sample buffer. Signals of phosphorylated proteins were detected using a phosphoimager (F3000; Fujifi lm) and the corresponding software (V1.8E image reader and image gauche V3.45; Fujifi lm).
Microtubule dynamics measurements 10 μ l CSF extracts was supplemented with purifi ed human centrosomes and 0.25 mg/ml (1.5 labeling ratio) Cy3-labeled tubulin. To reduce photobleaching, 0.5 μ l of saturated hemoglobin solution and 0.33 μ l of antifading mix (13.3 μ M catalase, 20.8 μ M glucose oxidase, and 0.3 M glucose) were added into the extract. 2.7 μ l of the mixture was squashed under 22 × 22 -mm coverslips. Time lapses were recorded in 2-s intervals using a microscope (Axiovert 200; Carl Zeiss, Inc.) equipped with a camera (CoolSNAP; Roper Scientifi c), a 100 × Plan Apochromat NA 1.4 oil immersion objective lens, and a long-pass rhodamine fi lter (Chroma Technology Corp.). The positions of centrosomes and microtubule plus ends were tracked in ImageJ, and these coordinates were used to calculate microtubule length. Finally, plots of changes in microtubule length over time were analyzed with a custom-written Matlab macro to estimate the parameters of microtubule dynamics.
Online supplemental material
Figs. S1 and S2 demonstrate the activity of purifi ed CaMKII* in vitro and in Xenopus egg extracts (Fig. S1 ) and the effects of low amounts of CaMKII* in Xenopus egg extracts on APC/C activation and microtubule stability (Fig. S2) . Fig. S3 analyzes microtubule stability after the addition of calcium and selective inhibition of endogenous CaMKII or calcineurin. Changes in dynamic instability parameters from metaphase to anaphase were determined in Fig. S4 and Videos 1 -4, and the effect of calcium or CaMKII* on mitotic microtubules in Xenopus egg extract is shown in Fig. S5 . Online supplemental material is available at http://www.jcb .org/cgi/content/full/jcb.200807006/DC1.
